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Particulate matter pollution of less than 10 mm in diameter (PM10) is a problem for some regional and
urban centres across New Zealand during the winter period when solid fuel (wood and coal) ﬁres are
used for home heating. Elevated levels of PM10 concentrations occur during stable atmospheric condi-
tions, when cool air temperatures and low wind speeds allow for a surface inversion to occur and trap
PM10. This study examined the relationships between PM10 and local and large-scale synoptic conditions
at daily and seasonal scales. Minimum temperature and wind speed were both negatively correlated
with PM10 during the winter season, whilst the combination of the two can explain 30e54% of variability
in average PM10. Synoptic-scale daily composites of high PM10 days showed the evolution of an anti-
cyclone in the Tasman Sea, with an injection of cool air over New Zealand and persistent south-westerly
winds leading to cold and stable conditions on the day of exceedance. Both of these results indicate that
there is some potential for predicting days in which atmospheric conditions could favour elevated PM10
concentrations. Furthermore, at the seasonal scale, weaker westerly winds were found to be associated
with winters with higher exceedance days, although the relationship is not straightforward. These
characteristics can be associated with other, predictable large-scale climate drivers such as the El Ni~no-
Southern Oscillation, and may aid in identifying years in which a higher risk of PM10 pollution events
exists.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Air quality in New Zealand, whilst generally of a high standard,
fails to meet national standards and international guidelines in
some areas during the winter period (MfE, 2012). Concentrations of
particulate matter of less than 10 mm in diameter (PM10) are
monitored across the country by regional councils in order to assess
health and environmental impacts and to comply with nationalmate and Energy College,
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ge.org (S.L. Fiddes).
nal Committee for Air Pollu-
ttee for Air Pollution Research and
g/licenses/by-nc-nd/4.0/).regulation. High concentrations of these pollutants can have severe
impacts on health (Nel, 2005; Russell and Brunekreef, 2009;Wilson
et al., 2006), with Christchurch reporting that 68%more respiratory
deaths occur in areas of high PM10 pollution (Fisher et al., 2007).
Additionally, visibility, net radiation and the greater climate system
are negatively inﬂuenced by excessive PM10 pollution (Bond et al.,
2013; MfE, 2014).
The principal source of elevated PM10 concentrations during the
winter months across New Zealand has been attributed to the
burning of solid fuels for home heating (Davy et al., 2005, 2012;
Davy, 2007; Ancelet et al., 2012; Trompetter et al., 2013). Signiﬁ-
cant work has been done in analysing the chemical composition of
particulate matter conﬁrming these ﬁndings, including that of
Krivacsy et al. (2006), Wang and Shooter (2002), Wang et al. (2005,
2006). A number of regions across New Zealand (includingControl. Production and hosting by Elsevier B.V. This is an open access article under
Fig. 1. Topographical map of monitoring sites across New Zealand. Overlaid low res-
olution topography available from http://www.jisao.washington.edu/.
S.L. Fiddes et al. / Atmospheric Pollution Research 7 (2016) 1082e1089 1083Christchurch and the Otago Regional Council) and internationally
(Montreal, Canada and Launceston, Sydney and Canberra, Australia)
now have policies limiting the use or banning the installation of
solid fuel burners (Australian Air Quality GroupWoodsmoke, 2015).
Other sources of particulates such as marine aerosol, crustal matter
and motor vehicles contribute varying degrees to ambient PM,
depending on the season and location (Davy et al., 2012; Ancelet
et al., 2012).
The dependence of high PM10 emissions on ambient outside
temperature is difﬁcult to quantify, due to many confounding fac-
tors such as fuel type (soft vs hard woods), fuel moisture level,
wood burner operation (eg, restricting air ﬂow to dampen down),
design speciﬁcation and age of wood burner etc. The relationship
between emissions strength and ambient temperature has not
been studied in NZ, however the amount of fuel burnt and the time
of ‘light up’ were not found to be related to outdoor temperatures
(Wilton and Bluett, 2007; 2012; Wilton et al., 2015). Trompetter
et al. (2010) notes that high PM10 occurrences are related to
‘environmental conﬁnement’ such as surface inversions.
High PM10 concentrations in New Zealand during the winter
season have been found to be associated with anticyclonic circu-
lations, low wind speeds, clear skies and low temperatures
(Salmond and McKendry, 2009; Trompetter et al., 2010; Grifﬁths,
2011). The occurrence of other pollutants such as brown haze in
Auckland has been found to occur under similar winter-time
meteorological conditions (Salmond et al., 2015). Tate and
Spronken-Smith (2008) have found that, for Alexandra, air tem-
peratures below zero degrees and wind speeds of less than
0.5 ms1 between 8 and 9am were the best predictors of pollution
levels from domestic heating.
Synoptic scale and climatological studies on PM10 and other
pollutants across New Zealand have been limited (Grifﬁths, 2011;
Salmond et al., 2015). These studies have found agreement with
the surface observations, identifying high pollution events to be
associated with strong anticyclones, using the Kidson synoptic
typing methodology (Kidson, 2000). Grifﬁths (2011) ﬁnd for Mas-
terton, of the 40 most severe PM10 events, Kidson Type H (a strong
anticyclone just off the west cost of NZ) makes up 48% of events,
and HNW (a weaker anticyclone than H, further to the north west)
make up 25%. International studies such as Beaver et al. (2010),
Beaver and Palazoglu (2006) have used clustering algorithms to
identify synoptic behaviours associated with air pollution events,
providing a more accurate representation of synoptic characteris-
tics. Furthermore, Singh and Palazoglu (2012) use a generalised
linear model to further identify a seasonal relationship with large-
scale climate drivers and the occurrence of synoptic patterns that
are conducive to high pollution events. Such amethod has not been
explored in this work, however warrants future investigation.
In this study, we concentrate on identifying the evolution of the
large-scale synoptic and winter-season patterns associated with
daily exceedances of PM10 in different parts of New Zealand using a
composite based technique. This is the ﬁrst study to bring together
PM10 analysis from different jurisdictions and comparing their
synoptic and climatic signals. Section 2 describes the air pollution
data and methods used in this work, including the climate and
synoptic data sets. Section 3 describes the results, comprising of the
general behaviour of PM10 pollution and the daily and winter
signature associated with exceedance days. Finally, Section 4 con-
cludes our ﬁndings.
2. Data and methods
Air quality is monitored by regional councils as part of their
statutory functions under the Resource Management Act 1991
(MfE, 2015) to track the state of the environment and to assesscompliance with the mandatory National Environmental Standards
for Air Quality (NES-AQ) introduced in 2004. In this study air
quality data from three regional councils were used: Greater
Wellington Regional Council (GWRC), Otago Regional Council (ORC)
and Hawkes Bay Regional Council (HBRC). PM10 was measured by
TEOM (Tapered Element Oscillating Microbalance) series 1400AB
(Rupprech & Patashnick), by FH62C14 BAM (Beta Attenuation
Monitor) (Thermo Scientiﬁc) and by BAM 1020 (Met One In-
struments). These instruments are designated by the United States
Environmental Protection Agency (US EPA) as Automated Equiva-
lent Methods equivalent to the standard Federal Reference Method
for PM10 monitoring (EQPM-1090-079, EQPM-1102-150, EQPM-
0798-122), measuring hourly concentrations. Each council per-
forms quality control of their data. Fig.1 shows a topographical map
of the locations of each site, and the attributes of each data set are
listed in Table 1.
Additional quality control was speciﬁcally performed for this
study, based on the methodology used by the New Zealand Na-
tional Institute of Water and Atmospheric Research (NIWA)
(Grifﬁths and Sansom, 2011). To be used in this study 24-hour av-
erages (referred to as daily data) needed to have at least 80% data of
hourly data available. The winter season is deﬁned as the average
across the May-June-July-August (MJJA) period.
The Masterton data set comprises PM10 measurements from
two different instruments (TEOM and FH62 BAM). These two in-
struments overlap for about 3.5 years between July 2007 and
December 2010. Initial comparison (not shown) at the hourly
timescale shows that the BAM instrument tends to have higher
readings, consistent with differences in instrument sample inlet
heating technology, which affects the amount of volatilisation of
components of the PM10 aerosol (Bluett et al., 2007). When
smoothed out to a daily time scale, the differences in the winter
season are smaller. The two data sets have been analysed separately
initially; however, the synoptic composites of high pollution events
were found to produce similar anomalous patterns and hence were
amalgamated.
Synoptic composites of Mean Sea Level Pressure (MSLP),
1000 hPa temperature and 1000 hPa zonal wind were calculated
using the gridded European Centre for Medium-range Weather
Forecasting (ECMWF) ERA-Interim (ERAI) dataset at resolution
0.75  0.75 (Dee et al., 2011). Daily composites were based on a
Table 1
Attributes for each air pollution data set used in this study. *Statistics New Zealand (2013) normal resident population.
Data set Method Start date End date Regional council Landscape Population*
Masterton PM10 TEOM 9/11/2002 1/1/2011 GWRC Urban, inland township 18,126
Masterton PM10 BAM (FH62) 18/6/2007 31/12/2015 GWRC Urban, inland township 18,126
Alexandra PM10 BAM (1020) 3/6/2005 31/12/2015 ORC Inland township 4800
Mosgiel PM10 BAM (1020) 1/6/2005 31/12/2015 ORC Urban, inland township 7000
Napier City (Napier) PM10 BAM (FH62) 1/2/2006 31/12/2015 HBRC Urban, coastal city 57,240
Hastings (Hastings) PM10 BAM (FH62) 1/3/2006 31/12/2015 HBRC Urban, coastal city 71,000
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midnight to midnight) which equates to the ‘alert’ reporting cate-
gory (MfE, 2004), and as well provides a larger and more robust
sample size than if only exceedances of 50 mgm3 were used.
The daily composites were calculated as the average of the ﬁrst
day of a pollution event over 00NZST to 18NZST (comprising four 6
hourly time steps), corresponding to 12UTC the previous day to
06UTC. Anomalies are based on the daily average for the
1979e2014 period. The evolution of the synoptic weather experi-
enced on high PM10 days has been calculated, back tracking three
days from the initial event, capturing the large-scale weather pat-
terns that help trigger pollution conditions. The occurrence of an El
Nino-Southern Oscillation (ENSO) phenomenon during the MJJA
period, for the calculation of the El Nino and La Nina composites,
was considered based on the historical monthly ENSO tracker,
deﬁned by the Australian Bureau of Meteorology (BoM, 2015).
3. Results and discussion
3.1. Daily exceedances and local meteorological variables
Bymeans of introduction, we brieﬂy show a general overview of
the time series of daily PM10 values, and the frequency of MJJA
exceedances for the stations analysed (Fig. 2). Overlayed on the
time series are the 33 mgm3 and the 50 mgm3 thresholds.
Most sites show a marked seasonality with peak PM10 concen-
trations in the winter season. In agreement with previous studies
(Ancelet, 2014; Trompetter et al., 2013), we found that for locations
where the dominant source of winter emissions was domestic
heating, both minimum daily temperature and average daily wind
speedweremoderately negatively correlatedwith daily PM10 levels
(Table 2).
Multiple linear regression (MLR) showed that for Masterton and
Hastings just over half of the variation in mean PM10 could be
explained by the combined effect of minimum temperature and
wind speed. The amount of variation in mean PM10 for Napier,
Mosgiel and Alexandra explained by these two variables was less,
approximately one third. Although MLR is a widely used technique
for modelling of air pollution levels due to its simplicity and ease of
use, it has several limitations. For example, non-linear processes,
lagged effects and other meteorological inﬂuences are not taken
into account. Additionally, a MLR estimates the association of the
mean linear response of PM10 to minimum temperature and wind
speed variability. In this investigation, however, we are primarily
interested in the how the upper quantiles of the distribution (days
of PM10 threshold exceedance) are inﬂuenced by large scale
meteorological factors, and if there is any predictability within this
relationship.
3.2. Synoptic weather evolution associated with high pollution
events
The synoptic composites of the three days leading to a pollution
event (where PM10 levels were above 33 mgm3 during MJJAseason) and the day of the event itself are shown for Masterton,
Napier, Hastings, Alexandra and Mosgiel in Fig. 3. Focusing on
Masterton ﬁrst, it is clear that a strong anticyclone is affecting the
whole North Island on the day of pollution exceedance (day 0), after
travelling fromAustralia to New Zealand in the three days prior. The
inﬂuence of the anticyclonic circulation brings stable conditions
over the North Island, as observed by the near calmwind conditions
measured at day zero. The temperature at 1000 hPa shows the
North Island experiencing conditions colder than the daily average,
which have prevailed over the region in the lead up to the pollution
events in association with persistent strong south-westerly winds
until the day prior to the exceedance. A breakdown of the com-
posites on a case-by-case analysis for these localities reveals that,
although there is some degree of variability, overall the same traits
of the average composite are present.
Composites for Napier, Hastings, and to a lesser degree Mosgiel
are also associated with a precursor of south-westerly winds and a
cold air mass moving over New Zealand at least a day before the
exceedance event and a strong anticyclone over the North Island.
In Alexandra (Fig. 3mep), although overall the pressure pattern
is similar, we can observe that no anticyclone is seen to develop or
propagate from the Tasman Sea, apart from a small local ridge of
high pressure over the South Island on the day of exceedance.
Additionally, cool temperature anomalies are only experienced on
the day of exceedance, and are not apparent in the days prior. This
implies that the nature of the exceedance days is likely dominated
by local and regional elements, such as snow-covered hills sur-
rounding the Alexandra basin, facilitating cold air drainage, making
the synoptic scale inﬂuence less important. It is also possible that
due to the large number of high PM10 events that occur in Alex-
andra, a signal like that of the others has become diluted.
This analysis demonstrates that while the development of a
local boundary layer is essential in allowing PM10 exceedances to
occur, the synoptic scale atmosphere plays a signiﬁcant role in
setting up the necessary background conditions. Additionally, a
very similar build-up to the day of exceedance is experienced across
sites, indicating that there is potential to forewarn the likelihood of
a high PM10 day, based on this knowledge and the current four-day
weather forecasts.3.3. Inter-annual winter climate anomalies
The inter-annual variation in the large-scale climate anomalies
associated with variability of winter PM10 pollution is shown in
Fig. 4, which presents the zonal wind anomaly composites for the
last ten years. The top and bottom three exceedance seasons over
this period, based on 50 mg/m3, are indicated, as is if the calendar
year was classiﬁed as an El Ni~no or La Ni~na. Areas in red indicate
enhanced westerlies, and areas in blue indicate decreased west-
erlies over New Zealand.
For high exceedance seasons, there is a general consistency, with
the years 2008, 2010 and 2013 standing out. Each of these seasons
are associated with a lower than average zonal wind anomaly. This
implies that there may be some potential to predict winters where
Fig. 2. Panel plot of all daily PM10 timeseries and the MJJA frequency of exceedances over 50 mgm3 for: a) Masterton, b) Napier, c) Hastings, d) Alexandra, e) Mosgiel. The red lines
indicate the recommended threshold of pollution: 50 mgm3 and 33 mgm3.
Table 2
Pearson's correlation coefﬁcients (r) for winter (MJJA) daily PM10 and minimum temperature and wind speed. Coefﬁcients of determination (R2) for multiple linear regression
of PM10 against both minimum temperature and wind speed. All correlation coefﬁcients were signiﬁcantly different from zero at the 95% conﬁdence level.
Site and pollutant MJJA (24-hour averages)
Min temp correlation coefﬁcient (r) Wind speed correlation coefﬁcient (r) Min temp and wind speed MLR (R2)
Masterton PM10 (BAM) 0.62 0.58 0.54
Masterton PM10 (TEOM) 0.52 0.54 0.36
Napier PM10 0.45 0.58 0.38
Hastings PM10 0.61 0.54 0.52
Mosgiel PM10 0.44 0.47 0.32
Alexandra PM10 0.48 0.37 0.31
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Fig. 3. Synoptic composites leading to the ﬁrst day of PM10 exceedance events (24-hour average above 33 mgm3). Average MSLP is shown in black contours, the temperature
anomalies at 1000 hPa are shown by the shaded contours and the 1000 hPa wind vectors are overlaid, with the size of the vector indicating the wind speed. Composites are shown
for Masterton (aed), Napier (eeh), Hastings (iel) and Alexandra (mep) and Mosgiel (qet) from three days prior (days 3 to 1) to the exceedance day (day 0). The number of days
used in each composite is indicated for each locality.
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variability, with other years, such as 2012, whist showing a signif-
icant reduction in zonal wind around NZ, having conﬂicting ex-
ceedance reports. This lack of consistency is likely due, in part, to
the very small sample size available for analysis.
Low exceedance years show less consistency across sites;
however, the years 2007, 2014 and 2015 still stand out. Each of
these years shows higher than average zonal wind speeds in the NZ
region. Once again, some variability exists, with 2011 displaying
similar anomalies, and yet differing PM10 reports.
This suggests that whilst the high pollution winters are clearly
inﬂuenced by reduced westerlies, the low pollution seasons may
be subjected to additional local details that cannot be captured by
this type of composite technique; this includes the implications ofpossible reductions in burning mentioned above and other
regional meteorological effects due, for example, topography, that
may locally supersede the inﬂuence of the large-scale climate.
The El Ni~no-Southern Oscillation (ENSO) has been documented
to have an important inﬂuence on the climate variability across
New Zealand (Gordon, 1986; Ashok et al., 2007). Interestingly, we
can see that the 2010 and 2007 La Ni~na years experienced different
zonal wind anomalies and have subsequently experienced both
increased and decreased pollution years across sites. 2015, the only
El Ni~no year in the time series, shows increased westerly winds and
predominantly experienced reduced PM10 levels. Fig. 5a and b
shows the MJJA composites for all La Ni~na and El Ni~no years
respectively in the 1979e2015 period.
Fig. 4. 1000 hPa MJJA zonal wind anomalies for years 2006e2015 (aej). The three seasons of highest (lowest) exceedances for the 10-year period are indicated in orange (blue).
Additionally, years that were classiﬁed as an El Ni~no or La Ni~na are indicated.
S.L. Fiddes et al. / Atmospheric Pollution Research 7 (2016) 1082e1089 1087For the La Ni~na composite (Fig. 5a), a decrease in the westerly
winds can be seen in theAustralian regionextending into the Tasman
Sea. LaNi~na events, however, as discussed above, are not consistently
associated with more or less zonal wind anomalies across New
Zealand, indicating that the ‘average’ westerly wind conditionsshown in Fig. 5a is a result of large variability. In contrast, the El Ni~no
cases (5b) experience a widespread increase in the zonal wind over
New Zealand. El Ni~no years, with the strong increase in westerly
winds, are likely to reduce the risk of exceedance days purely by the
fact that increased windiness is likely to disperse pollution, while La
Fig. 5. The MSLP (contours) and zonal wind (shaded) anomalies for composites of all
recorded (a) La Ni~na (1984, 1988, 1998, 1999, 2007, 2010) and (b) El Ni~no (1982, 1987,
1991, 1992, 1993, 1997, 2002, 2015) events since 1979e2015.
S.L. Fiddes et al. / Atmospheric Pollution Research 7 (2016) 1082e10891088Nina events cannot be categorically associated with increased or
decreasedpollution. In recent years the abilityof seasonal forecasts to
predict ENSO has increased remarkably (Kirtman, 2015), hence with
the knowledge that the long term El Ni~no signature is for increased
westerly winds, some predictive power for PM10 pollutionmay exist
on a seasonal basis.
4. Conclusion
This work has presented an analysis of the variability of air
pollution across several New Zealand sites, determining the re-
lationships of local and large-scale climatic forcings with the
occurrence of high PM10 events.
Whilst the literature has recently noted the association of high
pollution events in New Zealand with low temperatures, low wind
speeds and the occurrence of a surface inversion (Ancelet et al.,
2012; Trompetter et al., 2013), this work provides an insight into
the large-scale relationships of PM10 and such climatic indicators.
Our results indicate that local wind speed and minimum temper-
ature together explain 30e54% of average observed PM10 according
to the ﬁtted multiple linear regression model. However, the fact
remains that a large component of whether or not PM10 pollution
occurs depends on human activities, which include many con-
founding factors such as ambient temperatures, time of year, type
of fuel and burner and the level of home insulation.
This study provides a synoptic analysis of high PM10 pollution
events, using ERA-I composites. Our results support previous work
(Salmond and McKendry, 2009) which manually assigned Kidson
types to PM10 events, in ﬁnding that MJJA high PM10 events are
generally associated with anticyclonic circulation inﬂuencing New
Zealand. In the lead up to these events, a period of cold air tem-
peratures is experienced over New Zealand, whilst in most cases a
deﬁned anticyclone is apparent in the Tasman region, showing a
clear evolution up to the day of PM10 exceedance. This indicates
that whilst the boundary conditions are essential in allowing PM10
exceedances to occur, as shown by earlier works, the larger atmo-
spheric conditions also play a role in setting up these boundary
conditions in the ﬁrst place. Furthermore, the synoptic conditions
have been found to develop in a predictable way, adding to our
ability to identify days in which a high risk of PM10 pollution exists.
Lastly, this study has extended our knowledge of PM10 pollution
events to the inter-annual scale, identifying a reduction in thewinter-
seasonwesterlywinds associatedwith high exceedancewinters. The
lack of long-term data makes it hard to detect relationships of PM10
with large-scale climate drivers, such as the El Ni~no Southern Oscil-
lation.However, herewehave identiﬁed features typically associated
with El Ni~no (increase in zonal wind speed responding to higher
pressure over the Tasman Sea) that may decrease the risk of awinter
with a high number of PM10 exceedances.The lower than expected levels of pollution in some otherwise
climatic-favourable years, as revealed by ‘outliers’ at some sites,
may be related to other causes such as underlying decreasing
trends in emissions due to woodburner replacement schemes or
other local meteorological effects. We note, however, that a further
analysis of these non-climatic inﬂuences is beyond the scope of this
work, recommending that this is addressed in the future when
longer air pollution time series become available. This study sug-
gests that there is potential to develop an air pollution risk fore-
casting tool that could be used by Councils to advise communities
when PM10 exceedances might occur based on local meteorological
conditions and four-dayweather forecasts, while local planning can
also be informed by the seasonal conditions expected in light of the
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